The objective of this study was to assess the influence of the ceramic marginal angle on the length and nature of indentation cracks in ceramics near the ceramic/resin bonded interface. Disks of a leucite-reinforced ceramic or a diopside-based glass-ceramic bonded to a resin composite were sectioned so that the ceramic marginal angles were 45, 60, and 90°. Vickers indentations were placed in the ceramic at various distances from the bonded interface. The lengths of the indentation cracks running near parallel to the interface were measured and the orientation of crack propagation was characterized. The crack length and orientation were significantly affected by the distance from the interface and by the marginal angle, respectively. The crack length extended as the distance from the interface was shortened. Smaller marginal angles resulted in more oblique cracks. The toughness of the ceramic affected the indentation crack length, shape, and direction.
INTRODUCTION
Tooth-colored indirect restorations are currently performed more frequently, due to advances in the adhesive technology of polymeric materials. Among the tooth-colored indirect restorative materials, ceramics generally have increased mechanical strength, elastic modulus, and chemical inertness compared with resin composites 1) . However, the strength of ceramics decreases with fatigue induced by static and cyclic loading 2, 3) . Cracks grow slowly during fatigue fracture when the stress intensity factor around the crack tip equals or exceeds the fracture toughness threshold of the ceramic.
Partial veneer restorations, such as inlays, preserve sound tooth structure better than complete veneers, so that they are often considered to be more suitable as minimally invasive restorations 4, 5) . However, marginal fractures are often observed in ceramic inlay restorations, especially when the cavity margins are partially prepared on the occlusal surface where the biting forces are applied directly to the material. Bergman 6) stated that ceramic inlay systems were subject to marginal deterioration. In addition, clinical evaluations of several ceramic inlays reported that marginal fracture was a major postoperative problem [7] [8] [9] [10] . Dejak et al. 11) evaluated stress distributions in ceramic inlays/onlays under mastication loads using finite element analysis and demonstrated that the highest stress was generated at the margin of inlays having sharp edges. Prince et al. 12) stated that unfavorable tensile stresses would be produced in the labiogingival porcelain of collarless metal-ceramic restorations when the porcelain margin was less than 90°. Based on these studies, further understanding of the behavior of cracks at the ceramic margin is essential to generate an improved prognosis for ceramic restorations.
Lardner et al. 13) revealed that radial cracks in glass emanating from the corners of a Knoop indentation were lengthened and curved when the indent was introduced near the glass/epoxy interface. The increased length was attributed to an increase in the stress intensity factor. A crack would propagate at a certain angle, due to the elastic mismatch between the glass and the epoxy, with the angle being dependent upon the ratio of the elastic moduli of the contacting materials. A condition similar to the glass/epoxy specimen is produced in the marginal area of all-ceramic restorations cemented with resin composite cements. Yamamoto and Nishiura 14) measured the lengths of radial cracks running along the ceramic/ resin composite interface and found that the lengths of the cracks increased as the indentation approached the interface more closely. In these two studies, the angle of the ceramic margins was 90° 13, 14) . However, in clinical settings, the marginal angles of ceramic restorations at the occlusal surface are often less than 90°, due to the anatomic form of the tooth. The propagation of marginal cracks in ceramic restorations is more likely to be influenced by the differences in the elastic moduli of the contacting materials, such as the luting cement and/or tooth, when the marginal angle of the ceramic is smaller. Therefore, it is imperative to further investigate the nature of fracture at the ceramic margin where the marginal angle made by the ceramic and the tooth is less than 90°.
The objective of the present study was to evaluate the influence of the marginal angle on indentation cracks in bonded dental ceramics using Vickers indentation. The hypothesis tested was that the marginal angle would affect the characteristics of the indentation cracks.
MATERIALS AND METHODS
The hot-pressed ceramic materials used in the present study were a leucite-reinforced ceramic (IPS Empress) and a diopside-based glass-ceramic (Ceraeste). The respective manufacturers, lot numbers, elastic moduli, and fracture toughness (Kc) values for these materials are listed in Table 1 . In a preliminary study, the elastic modulus was measured using a nanoindentation tester (ENT-1100A, Elionix, Tokyo, Japan) with a 98 mN load for 10 s in air, and the fracture toughness was obtained using the Vickers indentation method with a 4.9 N load for 10 s in air. The toughness was calculated using the following equation from the JSMS standard 15) :
where E is the elastic modulus (Pa), P is the indentation load (N), d is the diagonal length of the indentation (m), and a is the length from the indentation center to the end of the crack (m). Disk-shaped wax-patterns were sprued and invested using investment materials supplied with the respective ceramic systems. Burnout was initiated more than 8 h after investing. For the leucite-reinforced ceramic, the molds and ceramic ingots were heated at 850°C for 60 min following heating at 250°C for 30 min. The preheated Empress ingots were placed into the mold muffles, heated from 700 to 1,075°C, and then pressed into the molds at 5 MPa in a pressing furnace (EP500, IvoclarVivadent, Schaan, Liechtenstein). For the diopsidebased glass-ceramic, the molds were heated at 800°C for 30 min after heating at 200°C for 30 min. The glassceramic ingots were placed into the mold muffles, heated from 700 to 900°C, and then pressed into the molds at 0.2 MPa in a heat-press-crystallization furnace (TPF 00, Tokuyama Dental, Tokyo, Japan). After pressing, the diopside-based glass-ceramic samples were kept in the furnace at 900°C for 20 min for crystallization. Disks of both ceramic materials were divested from the investment and the flat surfaces of each ceramic disk were wet-ground using 600 grit SiC abrasive paper to remove any residual surface investment material. The ground disks were then ultrasonically cleaned for 5 min in water. The final dimensions of the disks were 15 mm in diameter and 1.5 mm thick.
A cleaned disk was placed in a shallow cylindrical hole (16 mm in diameter and 3 mm in depth) in a silicone mold with the ground surface facing up. One drop each of silane coupling agent (Clearfil Porcelain Bond Activator, lot no. 00160A, Kuraray Medical, Tokyo, Japan) and an adhesive primer (Clearfil SE Bond Primer, lot no. 00597A, Kuraray Medical, Tokyo, Japan) were mixed and applied to the ceramic surface for 20 s and gently dispersed with compressed air for 5 s. A dual-cured resin composite (Clearfil DC Core Automix, lot no. 00020A, Kuraray Medical, Tokyo, Japan) was placed on the primed ceramic surface to fill the hole and lightirradiated for 30 s using a quartz halogen curing unit (Optilux 500, SDS Kerr, Orange, CA, USA). The elastic Table 1 Ceramic materials used in this study modulus of the resin composite was 19.5 GPa when measured with the nanoindentation method described in the preliminary study. In contrast to the previous report 14) , no cement layer was placed between the ceramic and composite in order to simplify the stress distribution in the bonded specimen. The bonded specimens were stored in water at 37°C for 48 h, because previous studies have shown that the Young's modulus of resin composites increased significantly following water storage for 24 h and further changes were relatively small 16) . The bonded specimens were sectioned using a low-speed diamond saw to produce marginal angles of 45, 60, and 90° (c in Fig. 1 ). The sections were embedded in an epoxy resin (Epofix, Struers, Copenhagen, Denmark) with an elastic modulus of 2.4 GPa and were sequentially wet-polished using 600, 800, 1000, 1200, and 1500 grit SiC papers under finger pressure for 10 passes before fine polishing with 6, 3 and 1 µm diamond pastes for 5 min each.
Vickers indentations were made in the ceramic material of the polished sections using a hardness tester (MVK-E, Akashi, Kanagawa, Japan) at 4.9 N for 10 s in air (b in Fig. 1 ). The indentations were placed at distances of 50, 100, 200, and 400 µm from the ceramic/resin interface (h in Fig. 1 ). The Vickers indenter impression was oriented so that the indentation diagonals were aligned both parallel and perpendicular to the interface. In order to avoid interaction between the stress fields around the indentations, the indentations were separated by a distance of at least 500 µm. Prior to microscopic observation, the indented sections were equilibrated for one day in a desiccator at room temperature, due to the potential for slow crack growth induced by residual indentation stress 17, 18) . The sections were observed using a confocal scanning laser microscope (1LM21H, Lasertec, Yokohama, Japan) and an optical measuring microscope (STM-UM, Olympus Optical Co., Tokyo, Japan). The lengths between the two ends of the cracks parallel to the interface (transverse radial cracks, 2a in Fig. 1) were measured 14) (n=5, ten indentations per specimen). The primary objective was to compare the crack lengths with different angles and distances from the margin; therefore, statistical analyses were performed within each ceramic material using two-way analysis of variance (ANOVA) and Tukey's multiple comparisons at the 95% level of significance.
RESULTS

Length measurement
The mean and standard deviation (in brackets) of each indentation crack length (2a) are listed in Tables 2 and  3 .
Two-way ANOVA revealed that the indentation crack length was significantly affected by the distance from the ceramic/resin interface (p=0.000 in leucitereinforced ceramic, p=0.008 in diopside-based glassceramic), but it was not affected by the marginal angle (p=0.081 in leucite-reinforced ceramic, p=0.262 in diopside-based glass-ceramic). Consequently, multiple comparisons among the means at the four distances with the same marginal angle were performed within each ceramic.
In the leucite-reinforced ceramic (Table 2) , the indentation crack length at a distance of 50 µm was significantly the longest in each marginal angle group (p<0.05). No significant differences were recognized among the crack lengths at distances of 400, 200, and 100 µm in both the 60 and 90° groups (p>0.05). In the 45° group, the crack length at a distance of 50 µm was The means of 2a in the same column with the same lowercase superscript were not significantly different (p>0.05). Table 2 Indentation crack length (2a) for three marginal angles in leucite-reinforced ceramic Table 3 Indentation crack length (2a) for three marginal angles in diopside-based glass-ceramic significantly longer than that at 100 µm (p<0.05). Major increases in the crack length were demonstrated between distances of 50 µm and 100 µm in the three marginal angle groups. In the diopside-based glass-ceramic (Table 3) , there was a significant difference between the indentation crack lengths at distances of 200 and 100 µm in each marginal angle group (p<0.05). A significant difference was evident between the crack lengths at distances of 100 and 50 µm in the 90° group (p<0.05). In the 45 and 60° groups, the crack lengths at a distance of 50 µm were not significantly longer than those at 100 µm (p>0.05). Major increases in crack length were demonstrated between distances of 50 and 100 µm in the 90° group and between distances of 100 and 200 µm in the 45 and 60° groups.
Microscopic observation
For the leucite-reinforced ceramic (Fig. 2) , no noticeable microscopic differences were found between the crack characteristics at distances of 400 µm for the three marginal angles and at distances of 100 µm with marginal angles of 60 and 90°. Figure 2a shows a representative micrograph. The four radial cracks that initiated from the indentation corners propagated in the direction of the indentation diagonal extension. The crack aspect changed slightly at a distance of 100 µm with a marginal angle of 45°, because the transverse radial cracks appeared to propagate obliquely toward the interface (Fig. 2b) . A crack appeared at a distance of 50 µm for a marginal angle of 90°, similar to that at 100 µm for a marginal angle of 45°. The transverse radial cracks for a marginal angle of 60° appeared to be slanting toward the interface. With a marginal angle of 45°, crack slanting was also apparent and many irregular cracks were produced around the indentation. The outline of the indentation collapsed due to the presence of numerous cracks for the 45° marginal angle at 50 µm (Fig. 2c) .
For the diopside-based glass-ceramic (Fig. 3) , no noticeable microscopic differences were found among the cracks for the three marginal angles at a distance of 400 µm and for a marginal angle of 90° at a distance of 100 µm. Figure 3a shows a representative micrograph. The four radial cracks that initiated from the indentation corners propagated in the direction of the indentation diagonal extension. At a distance of 100 µm, the transverse radial cracks with marginal angles of 45 and 60° were longer than those with a marginal angle of 90° and propagated obliquely toward the ceramic/resin interface (Fig. 3b) . The degree of crack slanting with a marginal angle of 45° was larger than that for 60°. At a distance of 50 µm, the transverse radial cracks with three different marginal angles were also longer and propagated toward the interface. Similar to the leucitereinforced ceramic, many cracks were produced around the indentation for a marginal angle of 45°, and the outline of the indentation collapsed (Fig. 3c) . The degree of crack slanting seemed to increase as the marginal angle decreased.
DISCUSSION
Delamination at the interface between layers of materials occurs under loading near the interface when the interfacial toughness is not sufficient [19] [20] [21] . In the present study, interfacial delamination was not demonstrated, although the radial cracks emanating from the indentation corner often propagated to the interface. Furthermore, these radial cracks were arrested at the interface. On the basis of an interfacial fracture mechanics analysis, the absence of delamination indicated that the toughness of the interface was more than 50% of the toughness of the ceramics (1.23 and 0.69 MPam 1/2 for the leucite-reinforced ceramic and the diopside-based glass-ceramic, respectively) 19) . Therefore, the interfacial toughness between the ceramics and the resin composite was sufficient for this indentation study.
The transverse radial cracks were selected as the subject of this study. Kim et al. 22) evaluated radial cracks initiating from four corners of Vickers indentations imprinted in ceramic/ceramic bilayers. The radial cracks were affected by the elastic mismatch between the contacting ceramics, and the crack perpendicular to the interface was found to be the most sensitive to mismatch among the four cracks. The crack perpendicular to the interface was essentially straight and lengthened as the distance from the indentation center to the interface decreased. In contrast, the crack running near parallel to the interface also increased its length as the distance shortened. However, the magnitude of increase was less than that for the crack running perpendicular to the interface. The crack running near parallel to the interface deflects under the influence of the elastic mismatch, as previously described 13) . Based on these considerations, the transverse radial cracks were most suitable for this investigation.
The results of this study revealed that the indentation crack lengths increased in both ceramics as the distance between the indentation and the interface decreased, irrespective of the marginal angle. Yamamoto and Nishiura 14) reported the same behavior in four dental ceramic materials including a leucite-reinforced ceramic. On the other hand, the marginal angle affected the direction of the transverse radial cracks. The degree of crack slanting was greater for smaller marginal angles and shorter distances from the ceramic/resin interface. Several studies have reported on crack slanting or deflection in ceramic materials with a marginal angle of 90° 13, 14, [22] [23] [24] . Crack slanting or deflection occurred with marginal angles of 45 and 60°. Lengthening and slanting of indentation cracks are related to changes in the mode I and II stress intensity factors (KI, KII), respectively. Cracks near the edge of a material propagate with an increase in complex stress intensity factors (combination of KI and KII) at the crack tip 13, 19, 25) . KI and KII for cracks near an edge may be obtained using the following equations by Lardner et al.
13)
KI/KI
where KI ∞ is F/ a , F is the point force applied at the crack center (Pam), h is the distance from the interface edge to the crack (m), and a is half of the crack length (m). Values of KI and KII calculated using equations (2) and (3) for both ceramics are listed in Tables 4 and 5 as a function of the distance from the interface to the indentation center (h) for a marginal angle of 90°. In addition, values of h/a, K/K0, and (a/a0) 3/2 are listed, where K is the stress intensity factor KI at the position of interest, and K0 and a0 are KI and a at the distance of 400 µm from the interface. Both ceramics demonstrated changes in KI and KII as h was shortened, i.e., the value of h/a decreased, and apparent increases in KI and decreases in KII occurred within a distance of 100 µm from the interface, for which the corresponding h/a values were <2.52 and <1.72 for the leucite-reinforced ceramic and the diopside-based glass-ceramic, respectively. Regarding the statistical results (see Tables Table 5 h/a, KI, KII, K/K0 and (a/a0) 3/2 for 90° marginal angle in diopside-based glass-ceramic 2 and 3) for the crack lengths, the increase in KI had an apparent influence on the indentation crack length for distances between 50 and 100 µm from the interface in the leucite-reinforced ceramic and for distances between 50 and 200 µm from the interface in the diopside-based glass-ceramic. The statistical results could be consistent with the change of values in Tables 4 and 5 . The magnitude of the increase in KI was greater than that of the decrease in KII for both ceramics. The behaviors of KI and KII in this study were in agreement with the finite element analysis results reported by Lardner et al. 13) . Differences between the magnitudes of the changes in KI and KII indicated that the change in the stress intensity factor had more influence on the length of the indentation crack than on the direction of the crack in both ceramics. K/K0 increased up to approximately 1.7 and 2.7 times, while (a/a0) 3/2 increased up to 2.3 and 3.8 times in the leucite-reinforced ceramic and the diopside-based glassceramic, respectively. The stress intensity factor for center-loaded half-penny cracks is expressed by the following equation 26) :
where  is an edge correction factor, and P is the point force perpendicular to the crack center (N). Thus, the ratio of K near the edge to that remote from the edge is proportional to (a/a0) 3/2 . The relationship between K/K0 and (a/a0) 3/2 in this study was in agreement with equation (4) .
Crack propagation near the margins was affected by the distance from the interface and by the marginal angle. Smaller marginal angles and shorter distances had more apparent influence on the crack propagation. In general, radial cracks initiate from indentation corners and propagate along extensions of the indentation diagonals because tensile stress fields are generated radially around the indentation 27) . In this study, additional radial crack extension and an increase in the number of cracks were observed for smaller marginal angles or shorter distances from the interface. A decrease of the angle or the distance resulted in a decrease in the amount of ceramic material surrounding the indentation. Therefore, as the crack grew subsurface, the crack tip was essentially closer to the interface, and from the analysis of Lardner et al. 13) , the increase in the stress intensity factor would be even greater than that for the 90° situation. Accordingly, the distribution of tensile stresses around the indentation became more complex as the amount of the ceramic around the indentation decreased. Recently, Chai and Lawn 28, 29) investigated the critical conditions for edge chipping, including the role of the marginal angle, using a Vickers indenter and showed that a universal relationship exists for the onset of edge chipping 28) :
where PF is the critical load for edge chipping (N), Kc is the fracture toughness (Pam 1/2 ), and h is the distance from the interface (m). Inserting the values for β0 (9.3) from Chai and Lawn 28) and Kc from Table 1 results in critical values of h for an indentation load of 4.9 N that are between 50 and 100 µm, or critical loads (PF) at 50 µm that are 4 and 2.3 N for the leucite-reinforced ceramic and the diopside-based glass-ceramic, respectively. In their studies based upon arguments of geometrical similarity, Chai and Lawn showed that for the 90° margin and a ratio of a/h<0.5 (Fig. 1) , the influence of the edge on crack extension from the indentation was minimal. This is precisely the situation shown in the present results for both ceramics at ca. 100 µm. Chai and Lawn also extended the above equation to the case of inclined surfaces 29) :
where PF0 is the critical load (N) for edge chipping at a marginal angle of 90°, θ is 90°-marginal angle (c), γ is a constant (1.5), and φ is a non-normal angle of the load axis to specimen surface normal (Fig. 4) . The critical loads for the onset of chipping for marginal angles of 45 and 60° reduced to approximately 1/5 and 1/3, respectively. That is, the critical load to cause chipping for a 60° marginal angle is less than 4.9 N for the diopside-based glass-ceramic, but not for the leucitereinforced ceramic at 100 µm, whereas for 45°, both materials would have been predicted to chip with this load at 100 µm, but only the diopside-based glass-ceramic at 200 µm. These predictions are consistent with the onset of the observable crack extension shown in Tables  2 and 3 . Ereifej et al. 30) reported that the fracture strengths of indirect restorative materials measured with the Vickers indentation method decreased as the distance of loading from the free edge decreased and either cracking or chipping was observed at the ceramic edge. Changes in the crack length and direction in the present study agree with their report; however, marginal chipping did not occur. The resin composite bonded to the ceramics contributed to prevent chip formation. Ceramic inlays/ onlays are bonded to tooth using resin composite cement, so that the edge of the restoratives is supported by the resin composite cement 30) . Hayashi et al. 31) observed marginal deterioration of ceramic inlays using replicas of clinically restored teeth and reported that cracks that induced marginal chipping were propagated near the edge of ceramic inlays following wear of the resin composite cement. Therefore, cracks are capable of being formed near the edge before the cement is worn. The following sequential pattern of marginal deterioration may occur with smaller marginal angles: (1) cracking in ceramic near the edge, (2) wearing of the cement, and (3) marginal chipping. To minimize the marginal deterioration of ceramic restoratives, it is preferable to design the marginal angle of the restoratives to be as large as possible, to avoid placing the margin in an area of contact with opposing teeth, and to use tougher restorative materials.
CONCLUSIONS
Within the limitations of this study, it can be concluded that the length of the indentation crack near the ceramic/ resin interface is affected by both the location of the indentation and the material. In addition, the indentation crack length was affected by the marginal angle of the ceramic restorative when the angle ranged from 45 to 90°. The marginal angle did affect other aspects of the crack, such as its direction and linearity.
